Changes in polyamine content and in the activity of ornithine decarboxylase (ODC) were followed during growth and differentiation of the plant pathogenic fungus Sclerotium rolfii, in submerged mycelium liquid cultures and on solid agar cultures. Mycelial growth in submerged cultures was characterized by high putrescine content and ODC activity. Growth cessation, resulting from glucose exhaustion in the medium, was accompanied by a sharp decrease in putrescine content and ODC activity. Spermine, the level of which was initially low, was detected in high amounts after all of the glucose was consumed and when the fungus developed the potential for sclerotium formation. A decrease in spermidine, and especially putrescine content, and an increase in spermine content, were observed during the transition from mycelium to mature sclerotia on solid agar medium. Addition of spermine to solid agar medium increased the number of sclerotia by 40%. The changes in the content of the three polyamines were reversed when sclerotia were allowed to germinate. Moreover, a-difluoromethylornithine, the enzyme-activated inhibitor of ODC, greatly inhibited mycelium growth, sclerotium germination and ODC activity, and this inhibition was completely reversed by the addition of putrescine. Cycloheximide delayed sclerotium germination and initially inhibited ODC activity, but ODC inhibition was relieved as soon as sclerotia began to germinate. The data indicate that specific changes in polyamines are linked with two distinct developmental events in S. rolfii. Mycelial growth and sclerotium germination are positively correlated, and possibly causally linked, with a marked increase in putrescine content and biosynthesis (while spermine cannot be detected). Differentiation (sclerotium formation), however, is accompanied by a major increase in spermine content.
INTRODUCTION
Polyamines are present in various amounts in all living organisms and have been implicated in the control of growth and development of micro-organisms, mammalian tissues, and plants (Altman, 1989; Bachrach, 1973; Cohen, 1971 ; Smith, 1985; Stevens, 1981 ; Tabor & Tabor, 1984) . Polyamines have been shown to interact specifically with nucleic acids and membranes, suggesting a basic regulatory role (Bachrach, 1973; Cohen, 1971 ; Tabor & Tabor, 1984) . In fungi, changes in the polyamines putrescine and spermidine have been associated with a variety of morphological changes (Stevens, 1981; Stevens & Winter, 1979) . Usually, the levels of putrescine and spermidine increase when morphogenesis is accompanied by a high rate of cell division, nucleic acid and protein synthesis. This phenomenon was observed with respect to germination of zoospores of Blastocladiella emersonii (Mennucci et al., 1975) , Achlya ambisexualis (Wright et ul., 1982) , spherules of Physarum polycephalum (Mitchell & Rusch, Abbreviarions : ODC, ornithine decarboxylase ; ADC, arginine decarboxylase ; a-DMFO, a-difluoromethylornithine.
0001-5222 0 1989 SGM 1973), ascospores of yeasts (Brawley & Ferro, 1979) , and during morphogenesis of Mucor racemosus (Inderlied et al., 1980) . However, when differentiation occurs without rapid proliferation, polyamine content decreases parallel to a low rate of synthesis of RNA and proteins, as found in fruiting body formation of Physarum polycephalum (Mitchell & Rusch, 1973) . An increase in the activity of ornithine decarboxylase (ODC)(EC 4.1.1.17), a key enzyme in polyamine biosynthesis, accompanies the increase in the rate of macromolecule synthesis and growth, in micro-organisms and in mammalian tissues (Tabor & Tabor, 1984) . Considerable changes in polyamine content and biosynthesis, including the activity of both ODC and arginine decarboxylase (ADC)(EC 4.1.1.19), were found also to accompany growth and certain stress responses of plant tissues (Altman, 1989; Smith, 1985) . Polyamines may play a role in stabilization of plant cell membranes (Smith, 1985) and were found bound to membrane phospholipids in Escherichia coli (Peter et a/., 1979) . Recently, it was reported (Rajam & Galston, 1985 ) that a-difluoromethylornithine (a-DMFO), the specific inhibitor of ODC, inhibited mycelial growth of four phytopathogenic fungi.
Morphogenesis in the plant pathogen Sderotium rolfsii has been studied for the last two decades (Chet & Henis, 1975) . Synchronous formation of sclerotia can be triggered by certain supplements to the growth medium (Chet et al., 1966; Chet & Henis, 1975 ; Kritzman et a/., 1976; Okon et a/., 1973), or by changing the proportions between aerial and submerged mycelium (Hadar et al., 198 1) . However, no information is available concerning polyamine metabolism during sclerotial morphogenesis and mycelium growth in S . rolfsii. In this study we present evidence that formation and germination of sclerotia, as well as mycelium growth of S . rolfsii, are accompanied by marked changes in the content of endogenous putrescine, spermidine and spermine, and in the activity of ODC.
M E T H O D S
Growth of Sclerotium rolfsii. (a) Solid medium. Sclerotium rolfsii type A ATCC 26325 (Chet & Henis, 1975 ) was grown at 30 "C on a cellophane membrane in Petri dishes (8.5 cm diameter) containing 15 ml synthetic medium (Okon et al., 1973) . The plates were inoculated in the centre with agar discs (0.5 cm in diameter) covered with fungal mycelium which had been cut from a 3-d-old colony. Mycelia from solid medium were harvested by cutting only the marginal 1 cm of mycelium. Sclerotial initials were removed from the fungal colony, and only those which had a white colour were selected. The dark brown sclerotia were defined as mature sclerotia. Samples from each morphological structure (mycelium, white initials, and mature sclerotia) were taken for determination of polyamine content and enzyme activity. Where mentioned, various compounds were added directly to the agar medium.
(b) Submerged culture. Flasks containing 50 ml of the same medium were inoculated with 1 ml of suspension containing 10 mg dry wt mycelium ml-' and incubated at 30 "C on a rotary shaker (New Brunswick Scientific) at 150 r.p.m. for 3 d. Inoculum was prepared by homogenizing mycelium in the culture flasks with an Ultra-Turrax homogenizer (Janke & Kunkel, FRG) operated at one-third of maximum speed (Zweck et al., 1978) . Mycelium from liquid medium was separated from the extracellular polysaccharide by centrifugation at 12 000 g for 20 min. Samples of mycelium were taken for determination of polyamine content and enzyme activity.
Determination of biomass, glucose and protein. Fungal material was separated from the growth medium, washed twice with cold 50 mM-potassium phosphate buffer (pH 7.4) and dried at 70 "C to constant weight. Glucose was determined using glucose oxidase reagent (Sigma), according to the manufacturer's directions. Protein in the extracts was determined by the Lowry method, after precipitation with 7% (v/v) HCIO4 and hydrolysis in 1 M-NaOH.
Polyamine determination. Polyamines were analysed according to Friedman et al. (1982) , with some modifications. Free polyamines were extracted by homogenizing 100-500 mg fresh weight of fungal material with 5 ml cold 4% (v/v) HCIO, for 5 min in an Ultra-Turrax homogenizer. The extract was centrifuged for 25 min at 15000g and the supernatant was used for polyamine determination by the dansyl reaction. Sufficient Na2C03 was added to a 0.2 ml sample of the HCIO, extract to bring it to a pH of approximately 7.0, followed by an overnight incubation in the dark (at room temperature) with 0.4 ml dansyl chloride (30 mg ml-' in acetone). Excess dansyl chloride was removed by a 30 min incubation with 0.1 ml L-proline (100 mg ml-I), after which dansylated polyamines were extracted in 0.5 ml toluene. Samples (20-50 pl) of toluene extract were spotted on activated (1 h at 110 "C) TLC plates precoated with 375 pm silica gel G-60 (Merck), and co-chromatographed with dansylated polyamine standards. Plates were developed in ethyl acetate/cyclohexane (2 : 3, v/v) and measured in a PerkinElmer fluorescence spectrophotometer 204 (excitation at 365 nm, emission at 485 nm) The content of individual polyamines is presented as nmol (g dry wt)-'.
Extraction and assay of arginine decarboxylase and ornithine decarboxylase. Fungal material was harvested and homogenized in a prechilled mortar with a pestle [ 100-500 mg fresh weight (2 ml medium)-'], for determination of ADC and ODC activity according to Altman et al. (1982) . Extraction medium consisted of 10 mM-potassium phosphate buffer (pH 7.2), 0.1 mM-dithiothreitol, 1 m~-pyridoxal-5-phosphate, and 20 mM-Na2EDTA. The extracts were centrifuged at 12000 g for 20 min, and the supernatant, hereafter referred to as crude enzyme, was used immediately. The enzyme reaction was started by adding 100 pl crude enzyme to a vial containing 150 pl of the extraction medium and 50 vl DL-[ I-14C]arginine hydrochloride (Amersham, 0.125 pCi, 20 mCi mmol-', 740 MBq mmol-I) or ~-[l-'~C]ornithine hydrochloride (Amersham, 0-125 pCi, 59 mCi mmol-' ; 2183 MBq mmol-I) for ADC or ODC assay, respectively. The vials were then capped with rubber stoppers fitted with plastic centre wells (Kontes Glass Co.) containing 0.2 ml Soluen-100 (Packard) on a Whatman no. 1 paper wick. The reaction was allowed to proceed for 60 min at 37 "C in a shaking water bath, and was terminated by injecting 0.2 ml4% HCIO, into the reaction mixture. After an additional 30 min shaking, the centre wells were removed and placed in vials with 10 ml toluene/PPO/POPOP scintillation mixture. Blank values were obtained by using boiled crude enzyme. ADC and ODC activities are presented as nmol liberated 14C02 h-' (mg protein)-'.
R E S U L T S
Changes in polyamine content and ODC activity during S . rolfsii growth in submerged culture Growth of S. rolfsii in submerged culture continued at a linear rate up to 80 h, when glucose concentration in the medium was about 23% of its initial level. Thereafter, growth rate decreased considerably, and finally ceased (Fig. l a ) . Upon glucose exhaustion, at about 120 h (Shapira et al., 1986) , the culture develops the potential for sclerotium formation (Hadar et al., 1981) . Fungal growth was accompanied by considerable changes in the content of free polyamines (Fig. 1 b) . Putrescine content, which was especially high during the lag and in the beginning of the exponential phase (the first 50 h), declined dramatically during the second part of the exponential phase and reached a constant low level throughout the stationary growth phase (80-1 60 h). Spermidine content was constant during the entire growth period. Spermine was detected only after all the glucose was consumed. ODC activity was highly correlated with putrescine content (Fig. 1 c) . Thus, the lag phase and the first part of the exponential phase was characterized by high ODC activity, which later declined and reached very low levels throughout the stationary phase. ADC activity could not be detected during any stage of S . rolfsii growth in submerged culture.
Changes in polyamine content during sclerotium formation and sclerotium germination on solid medium Synchonization of sclerotium formation occurs when a S. rolfsii colony is transferred to a solid medium supplemented with M-L-threonine (Kritzman et al., 1976) . Several culture samples which represented the various morphological stages, were collected and analysed for polyamine content during the transition from mycelium to mature sclerotia (Fig. 2a) . High levels of putrescine [ 1 1 nmol (g dry wt)-'] and spermidine [ 13 nmol (g dry wt)-l] were found in mycelium grown on solid medium. The transition from mycelia, through sclerotial initials (white initials), to mature sclerotia, was accompanied by a dramatic decrease in putrescine content and a more gradual decrease in spermidine. Spermine was not detected in the mycelium, but its content increased considerably towards sclerotium formation and maturation, to concentrations well above those of putrescine. However, a mirror image was apparent upon sclerotium germination (Fig. 2 h) : putrescine and spermidine content increased rapidly during sclerotial germination and mycelium growth, while spermine decreased and could not be detected 30 h after germination (Fig. 2b) .
Eflects of'cr-DFMO, polyamines and cycloheximide on S. rolfsii growth and germination and on
ODC activity Addition of a-DFMO to the growth medium did not affect sclerotial formation, but it inhibited mycelial linear growth (Fig. 3a) and sclerotial germination (Fig. 4a) . The untreated mycelium reached the edge of a Petri dish within 80 h, while the colony grown in the presence of M-U-DFMO hardly reached half that distance (Fig. 3a) . ODC activity was high during the w od entire growth period up to 80 h but was almost totally inhibited by a-DFMO during the initial 60 h (Fig. 3b) . After 80 h of growth, the control colony reached the rim of the Petri dish (cessation of linear growth), and this was accompanied by a marked decrease in ODC activity. The colony morphology of S. rolfsii was also affected by the presence of a-DFMO: instead of a typical fan-like growth, it was characterized by a compact and condensed mycelium (not shown) .
The addition of 1 mwputrescine to the growth medium completely reversed the inhibitory effect of a-DFMO on both ODC activity and mycelial growth (Table 1) . Putrescine alone
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(1 mM), did not affect growth rate but caused a slight increase in ODC activity. The addition of 10 mM-putrescine was toxic to S . rolfsii (Table 1) . Addition of spermine at 10 mM and 1 mM did not affect fungal linear growth, but increased the number of sclerotia by 3540% (data not presented).
In addition to its inhibitory effect on the growth of S . rolfii, a-DFMO was also found to be involved in sclerotial germination (Fig. 4a) : germination in control medium was completed within 40 h, while germination in the presence of M-a-DFMO was delayed for almost 60 h, and only 20% of the sclerotia germinated. The inhibitory effect of a-DFMO on sclerotial germination was paralleled by its marked effect on ODC activity (Fig. 4b) .
A high rate of protein synthesis is associated with rapid biosynthesis of polyamines in microorganisms, as well as in plants and mammalian tissue (Bachrach, 1973; Cohen, 1971 ; Tabor & Tabor, 1984) . Cycloheximide, which has been shown previously to inhibit sclerotium formation and protein synthesis (Okon et al., 1973) , also inhibited sclerotial germination, but its initial inhibition of ODC activity was relieved as soon as sclerotia began to germinate (Fig. 4b) .
DISCUSSION
Changes in the endogenous level of polyamines and in the activity of several key enzymes of polyamine biosynthesis usually precede or accompany growth and morphological changes in many organisms, including fungi (Bachrach, 1973; Cohen, 1971 ; Heby, 1981 ; Smith, 1985; Tabor & Tabor, 1984) . Spore germination in fungi is characterized by accelerated synthesis of polyamines (Kim, 1971; McDougall et al., 1977) . The changes which were found in the endogenous levels of polyamines during sclerotial germination of S . rolfii are similar to those occurring in spore germination of other fungi. The formation of fruiting bodies in several fungal species is characterized by a simultaneous decrease in levels of polyamines and in the synthesis of macromolecules (Mitchell & Rusch, 1973) . Similarly, our data show that sclerotial formation in S . rolfsii is accompanied by a rapid decrease in polyamine level (Fig. 2a) . Indeed, Willetts (1978) analysed the evolutionary sources of sclerotia in several fungi, and concluded that fungal sclerotia are degenerated fruiting bodies.
The similarity between the polyamine-related morphogenetic changes in S . rolfii and those observed in other fungi was also established by the use of a-DFMO, a specific inhibitor of ODC -the key enzyme in polyamine biosynthesis in fungi (Stevens & Winter, 1979; Tabor & Tabor, 1984) . Thus, sclerotium formation in S . rolfsii was not affected by a-DFMO while sclerotial germination and mycelial growth rate were inhibited (Figs 3a and 4a) . The inhibitory effect of a-DFMO on growth of several fungi was recently described (Rajam & Galston, 1985) . In S. rolfsii, inhibition of sclerotial germination and mycelial growth is reversed by the addition of putrescine to the growth medium, indicating that putrescine biosynthesis is essential for these stages in the life cycle of the fungus (Table 1) . Indeed, a large amount of experimental data show a close correlation between high rate of ODC activity, polyamine accumulation and macromolecular synthesis and growth in many organisms (Bachrach, 1973; Cohen, 1971 ; Smith, 1985; Tabor & Tabor, 1984) . It has been suggested that polyamines, and perhaps ODC itself, play an important role in mammalian cell proliferation and differentiation (Heby, 198 1) . Several studies indicate that the half life of ODC changes throughout cell growth and differentiation, and that the enzyme may be stabilized at later growth stages (Tabor & Tabor, 1984) . This may partially explain the relief of cycloheximide-induced ODC inhibition in germinating sclerotia (Fig. 4) .
Changes in polyamines are related to the various developmental stages in the life cycle of fungi (Stevens & Winter, 1979) . It is noteworthy that S . roIfsii sclerotia contain spermine, which was not detected in germinating sclerotia or in the fungal mycelium when grown on a solid medium (Fig. 2a, b) . Moreover, the major decrease in putrescine level, and the appearance of spermine in submerged culture of S . rolfii, occurred when the fungus developed the potential for sclerotium production. Also, addition of spermine to the medium increased the number of sclerotia (Table 2 ). Some studies have suggested that spermine is absent in filamentous fungi (Nickerson, et al., 1977) , while others point to the fact that the presence of spermine is unlikely to be related to the growth form (Stevens, 1981) . The present data suggest that the function of S . roffiii sclerotia as resting bodies is correlated with an increase in spermine content. It has yet to be established whether a causal relationship indeed exists.
